In discontinuous polyoma DNA replication, the synthesis of Okazaki fragments is primed by RNA. During viral DNA synthesis in nuclei isolated from infected cells, 40% of the nascent short DNA fragments had the polarity of the leading strand which, in theory, could have been synthesized by a continuous mechanism. To rule out that the leading strand fragments were generated by degradation of nascent DNA, they were further characterized. DNA fragments from a segment of the genome which replication forks pass in only one direction were strand separated. The sizes of the fragments from both strands were similar, suggesting that one strand was not specifically degraded. Most important, however, the majority of the Okazaki fragments of both strands were linked to RNA at their 5' ends. For identification, the RNA was labeled at the 5' ends by [/-iP] 
In discontinuous polyoma DNA replication, the synthesis of Okazaki fragments is primed by RNA. During viral DNA synthesis in nuclei isolated from infected cells, 40% of the nascent short DNA fragments had the polarity of the leading strand which, in theory, could have been synthesized by a continuous mechanism. To rule out that the leading strand fragments were generated by degradation of nascent DNA, they were further characterized. DNA fragments from a segment of the genome which replication forks pass in only one direction were strand separated. The sizes of the fragments from both strands were similar, suggesting that one strand was not specifically degraded. Most important, however, the majority of the Okazaki fragments of both strands were linked to RNA at their 5' ends. For identification, the RNA was labeled at the 5' ends by [/- [3H] UTP, or at the 3' ends by 3P transfer from adjacent [3P]dTMP residues. All three kinds of labeling indicated that an equal proportion of DNA fragments from the two strands was linked to RNA primers.
During replication of double-stranded DNA, one of the progeny strands is elongated against the direction of the replication fork movement. Since DNA polymerases elongate only in the 5'-to-3' direction, the lagging strand is synthesized discontinuously in the 5'-to-3' direction via the formnation of short DNA molecules, Okazaki fragments. Ligation of the fragments results in an overall growth in the 3'-to-5' direction (25) . In mammalian systems, the Okazaki fragments are approximately 150 nucleotides long (8, 10, 20, 24, 31) . The synthesis of the fragments requires a primer. Such primers consisting of RNA (initiator RNA [iRNA]) have been found transiently attached to the 5' termini of the DNA molecules (13, 15, 16, 20, 22, 28, 29, 30, 31) . The other strand of the replicating molecule, the leading strand, grows in the overall 5'-to-3' direction and therefore does not necessarily require a discontinuous replication process. However, between 5 and 40% of the radioactivity in pulse-labeled short DNA molecules is found in the leading strand during DNA replication of polyoma and simian virus 40 DNA both in vivo and in vitro (9, 11, 14, 27) .
Several investigators (11, 14, 27) suggested that the leading-strand short molecules resulted from degradation of longer continuously synthesized molecules by radiolysis (14) or by excision repair of misincorporated precursors, such as dUMP (32) . The contributions from contaminating longer molecules and from strands recently initiated at the origin of replication were also believed to explain the appearance of pulselabeled DNA from the leading strand.
A more interesting possibility is that the leading-strand fragmnents are a result of a totally discontinuous replication process. The excess of label in the fragments of the lagging strand might reflect a slower ligation of these fragments to high-molecular-weight material because they first have to attain full length. Experimentally, faster ligation of Okazaki fragments of leading than of lagging-strand polarity has been demonstrated during phage P2 replication (17) .
The circular genome of polyoma is replicated bidirectionally from a fixed origin (5) . The events occurring during replication can be studied in an in vitro system of nuclei isolated from polyoma-infected 3T6 mouse fibroblast cells (21, 34) . The elongation of both progeny strands appears to involve the formation of short fragments (9), some of which contain iRNA (20, 28, 29) . In the present study, the distribution between the synthesis of Okazaki fragments of the leading and lagging strands was determined by hybridization of nascent molecules to separated strands of a restriction endonuclease-generated fragment of the polyoma genome. We detected iRNA on the lagging as well as the leading strands, demonstrating that both can be synthesized discontinuously. 20 PFU/cell. The virus stocks were prepared from plaque-purified virus. The absence of defective DNA molecules generated after high-multiplicity infections was monitored by digestion of covalently closed circular (form I) DNA with the restriction enzyme HpaII.
MATERIALS
Preparation of short nascent DNA molecules with RNA primers. Nuclei were prepared 28 h postinfection under isotonic conditions, as described previously (28) . The nuclei suspension was diluted twofold and incubated at 25°C for 5 min with 4 to 8,uM radioactively labeled and 30t,M unlabeled nucleoside triphosphates. The extraction of viral DNA and the purification of short DNA molecules was done as described (6) . After selective extraction, the viral DNA was deproteinized and purified from low-molecularweight compounds by gel filtration. After concentration, replicative intermediates (RI) and form I DNA were isolated by chromatography on Sepharose 4B (Pharmacia Fine Chemicals, Inc.). The RI were then separated from form I DNA by chromatography on benzoylated-naphthoylated DEAE-cellulose (BNDcellulose; Serva). The material isolated from the Sepharose column was directly applied to a BND-cellulose column (0.3 mg of DNA/ml bed volume). The form I DNA was removed with 1 M NaCl-0.05 M Tris-chloride (pH 7.6)-0.001 M EDTA. The RI were then eluted with 2% caffeine in the same buffer. After ethanol precipitation, the RI were further purified by banding in CsCl-propidium diiodide and by nitrocellulose chromatography.
Short DNA molecules were isolated by fractionation on Ultrogel AcA 34 (LKB Instruments Inc.) after heat denaturation of the RI. Sterilized glassware and solutions were used throughout the preparation procedure. The later steps of the purification were carried out in siliconized glassware or plasticware in the presence of calf thymus DNA. Reassociation ofnascent polyoma DNA. Before reassociation experiments, portions of the DNA were denatured at 100°C for 5 min and then chilled. The samples were adjusted to 1 M NaCl-0.01 M Trischloride (pH 7.6)-0.005 M EDTA and incubated at 65°C in sealed microcapillaries or plastic tubes. At various times, samples were analyzed on 0.5-ml columns of hydroxyapatite (Bio-Rad Laboratories) equilibrated with 0.14 M NaPO4 buffer (pH 6.8)-l% sodium dodecyl sulfate (SDS) at 65°C. Single-stranded material was eluted with 3 ml ofthis buffer, whereas doublestranded molecules were eluted with 3 ml of 0. (33) .
The proportion of polyoma-specific labeled DNA was determined by annealing the labeled nascent DNA to a 500-to 1,000-fold weight excess of sheared unlabeled polyoma DNA at 65°C for at least 50 x Cot1/2.
The self-complementarity of the DNA was determined from the plateau values of the self-annealing reaction after correction for the total fraction of polyoma sequences in the sample. (12) are shown. The late mRNA is transcribed from the L strand counterclockwise in the region 0.68 to 0.25, and the early mRNA is transcribed from the E strand clockwise in the region 0.72 to 0.25 (12) . A typical nascent molecule of200 nucleotides would encompass about 0.04 map units. DISCONTINUOUS REPLICATION OF POLYOMA DNA raphy. The cRNA in both fractions was then hydrolyzed in 0.3 M NaOH at 37°C for 20 h. After neutralization, the preparations were self-annealed extensively to ensure that contaminating complementary sequences constituted less than 1% of the final material. The remaining single-stranded DNA was purified on a second hydroxyapatite column, dialyzed, and concentrated by ethanol precipitation.
The 3' termini of the purified separated strands were extended with dCMP residues by using terminal deoxynucleotidyl transferase (2) . The incubation mixture contained 0.1 M sodium cacodylate (pH 7.2)-0.005 M MgClr-0.2 mg of bovine serum albumin per ml-0.001 M dithiothreitol-0.001 M dCTP and enzyme (40 U/,ug of DNA). After incubation at 37°C for 60 min, the reaction was stopped by the addition of EDTA to a final concentration of 0.01 M. Unreacted dCTP was removed by gel filtration on a Bio-Gel P-30 column equilibrated with 0.25 M NaCl-0.01 M Trischloride (pH 7.6). The preparation was finally concentrated to half its original volume by evaporation.
The efficiency of strand separation was monitored by hybridization to a 60-fold weight excess of polyoma cRNA different from the one used for the separation of the strands. The hybridization to the complementary strand (HpaII-lL) was 95%; complementarity to the other strand (HpaII-lE) was undetectable. The fraction of uniformly labeled polyoma DNA that annealed to the separated strands was also determined.
Using a 15-fold excess of polydeoxycytidylate [poly(dC)]-tailed HpaII-lE or HpaII-lL fragments, 11 to 13.5% of the polyoma genome was bound to polyinosinic acid [poly(I)]-Sephadex. This is close to the expected maximal value of 13.5%.
Analysis of the polarity of the nascent DNA molecules by poly(I)-Sephadex chromatography.
The purified nascent viral short molecules were hybridized to a 15-to 20-fold sequence excess of the separated strands of HpaII fragment 1 in 0.5 to 1 M NaCl-0.01 M Tris-hydrochloride (pH 7.6)-0.001 M EDTA at 650C for 10 to 20 x Cot112. The product was analyzed on poly(I)-Sephadex as described by Coffin et al. (4) . The sample was applied in 1 ml of 0.5 M NaCl-0.01 M Trs-hydrochloride (pH 7.6) to a 0.3-ml column equilibrated with the same buffer. The poly(dC)-extended DNA strands together with material that hybridized to it bound to the column, and the nonhybridized material was removed by washing with 5 to 7 ml of the column buffer. The bound strand and its complementary material were then eluted with 1 M NH40H. 3.4 to obtain the total number of iRNA molecules (6) .
(ii) iRNA labeled internally. The specific activity of iRNA molecules labeled with [3H]UTP-CTP-GTP was derived from the average nucleotide composition of the primer: 1 internal GMP molecule, 2.4 molecules of CMP, and 2.6 molecules of UMP (29) . In all cases, we corrected the specific activities of the labeled iRNA ribonucleotide precursors for the dilution by the ribonucleoside triphosphates present in the nuclei (7).
(iii) iRNA labeled at its 3' terminus. The nucleotides at the junction of DNA and iRNA have been shown to be random (28) . We therefore assume that the 3p radioactivity transferred to all four ribonucleoside monophosphates from [a-3P]dTTP in the DNA after alkaline hydrolysis represents 25% of all iRNA 3' termini.
Size determination of nascent DNA molecules. The strand-separated nascent molecules eluted by NH40H from the poly(I)-Sephadex columns were ethanol precipitated after adjustment to neutral pH. The DNA was dissolved in electrophoresis buffer: 95% formamide-0.036 M Tris base-0.03 M NaH2PO4-0.001 M EDTA. Bromphenol blue and 3H-labeled HpaII fragments 7 and 8 were added. The sample was denatured by heating to 80°C for 10 min and applied to cylindrical 7.5% polyacrylamide gels in 95% formamide-0.1% SDS which had been prerun in electrophoresis buffer with 0.1% SDS. The gels were run at 200 V for 4 h at 45°C and then sliced and counted in Instagel.
RESULTS
Determination of asymmetry of Okazaki fragments. Nascent DNA, labeled with [3H]-dTTP or [a-3P]dGTP during a 5-min incubation in vitro, was fractionated by gel filtration, and molecules shorter than 270 nucleotides were isolated. This size limit was set since molecules bearing iRNA have been shown to be shorter than 300 nucleotides (6) .
Approximately 75% of the short DNA molecules formed double-stranded DNA when selfannealed, indicating that they were synthesized from both template strands. After addition of an excess of unlabeled polyoma DNA, the remaining 25% also formed DNA duplexes. The (Fig. 2) . Of the radioactivity complementary to HpaII-1, 60% annealed to the E strand, which is complementary to the lagging strand (Fig. 1) . However, the remaining 40% was derived from the leading strand. The total fraction of nascent short DNA molecules that hybridized to HpaII-1 never exceeded, but sometimes reached, 27%, which is the maximum value expected from the size of the fragment. This confirms the uniform distribution of Okazaki fragments over the genome. Results of experiments to determine the polarity of the short DNA fragments, as determined by annealing to separated strands, were consistent with the results of the self-annealing experiment (Table 2 ). In agreement with earlier studies (9, 11, 14, 27) , we found that the majority of the Okazaki fragments had the polarity of the lagging strand. a The purified molecules shorter than 270 nucleotides were self-annealed as described in Table 1 . The endpoint of the reaction (determined after incubating for at least 50 x Cot1/2) was related to the total proportion of the nascent DNA that annealed to an excess of sonicated, denatured polyoma form I DNA.
b Nascent DNA was denatured in the presence of an excess of poly(dC)-extended separated strands E and L of HpaII fragment 1 Size determination of the strand-separated nascent DNA. The possibility remained that the leading-strand short DNA molecules were relatively large and either were initiated at the origin of replication or were a result of degradation. In both cases, molecules longer than Okazaki fragments would be anticipated, and each molecule would contain a substantial fraction of the radioactivity. However, if the short molecules on the leading strand arose through replication events, and the two strands were synthesized at the same rate, then the rate of ligation must be faster on this strand since a smaller proportion of the total radioactivity in short pieces was observed. The leading-strand Okazaki pieces would in this case be fewer, shorter, or both.
To distinguish between these two possibilities, nascent polyoma DNA molecules shorter than a 270-nucleotide-long marker were isolated by Ultrogel filtration. The chains were strand separated by hybridization to HpaII-1E or -1L and treated with alkali to remove their iRNA, and their size was determined by Ultrogel filtration under denaturing conditions (Fig. 3a) or by polyacrylamide gel electrophoresis (Fig. 3b) .
The population of short molecules was heterogeneous, but shorter than 350 to 400 nucleotides. The molecular weight distributions of molecules complementary to fragments 1E and 1L were similar, though molecules with laggingstrand polarity regularly appeared to be slightly longer. This result agrees with the interpretation that the leading-strand molecules arise through a replication event. They were shorter than the lagging-strand pieces, making it improbable that they were degradation products, and they were not long enough to be molecules recently initiated at the origin (fragment 1 is located about 1,000 nucleotides away from origin). Figure  4 shows the profile of a chromatogram where the iRNA was labeled with [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] DNA molecules (0). The sample (1 ml) was denatured at 100°C for 5 min and applied to a column (90 x 1.5 cm) equilibrated in 0.05 M Tris-hydrochloride (pH 7.6)-0.001 MEDTA. Fractions of2.0 ml were collected and analyzed for radioactivity. The material that was isolated for further studies is indicated by the bar. The radioactivity at the positions ofthe 270-and 95-nucleotide-long markers was used to determine the fraction of DNA molecules that contained iRNA. The amount of DNA in nucleotides was calculated by assuming that the nascent DNA contained 25% dTMP and was uniformly labeled. The number of DNA molecules was obtained by dividing this value by 270 and 95, respectively. The amount of iRNA molecules was corrected for the fraction (x3.4) of primers that were initiated with ATP (27) . covered radioactivities in DNA and iRNA labeled either with [3H]dTTP and [1-32P]GTP or with [a-32P]dGTP and [3H]CTP-UTP-GTP, respectively. Again, the DNA hybridized to both strands, but preferentially to the template for lagging-strand synthesis. Furthermore, the radioactivity in iRNA annealed to both strands, and the distributions of annealing were similar in all approaches used. The fractions of total DNA and iRNA radioactivity that annealed to each strand were always similar, and the fraction of radioactivity in iRNA never exceeded that in DNA. These findings suggest that the RNA label was associated with iRNA linked to DNA molecules that hybridized to the separated strands. Tables 3, 4 , and 5 present the amounts of DNA and iRNA that hybridized to HpaII-lE and HpaII-lL. The values were calculated from J. VIROL. (28) . The ribonucleoside monophosphates were isolated, and the amount of 3P was determined by the registration of at least 10,000 counts.
'Determined from incorporation of [a-2P]dTTP, assuming uniform labeling of the DNA, equal distribution of the four deoxyribonucleotides in DNA, and a number average length of 100 nucleotides.
c Determined from radioactivity released as 3P-labeled ribonucleoside monophosphates after alkaline hydrolysis (3P transfer), assuming equal distribution of the deoxyribonucleotides at the iRNA-DNA junction (28, 29 (11, 14, 27) .
The only physical characteristic that can be (29) . The specific activity of the labeled ribonucleotides was corrected for the dilution of the ribonucleotides present in the nuclei (29 (Table 1) , which is in agreement with earlier observations (9) . A minority of these fragments (25 to 40%) contained iRNA. This experiment, however, does not prove that Okazaki fragments are selfcomplementary at a given replication fork, or that iRNA is present on fragments of both strands. The experiments were therefore extended to include annealing of the short nascent DNA chains to the separated strands of the restriction endonuclease-generated fragment HpaII-1 (see Fig. 1 ). We found that 40% of the short fragments have leading-strand polarity, even when selected so that they represent only a segment of the viral genome, which is more than 1,000 base pairs removed from the origin of DNA replication. Furthermore, we know that bidirectional DNA replication from the in vivo origin faithfully continues in vitro (19) . It is therefore unlikely that the self-complementarity of the molecules was a result of newly initiated DNA chains. It is also unlikely that the observed distribution of nascent DNA fragments is an artifact of our measurements. This conclusion is based on the stability of the values of the maximal annealing to each separated strand of HpaII-1, which indicates that the preparations of strands contained very few contaminating sequences, including those with opposite strand polarity. In the association of nascent DNA to HpaII-1L (template for leading-strand synthesis), we therefore measure primarily material originating from the leading strand.
The experiments indicate that the short leading-strand chains are not degradation products. The same strand asymmetry was observed regardless of which radioactive isotope or specific radioactivity of the precursor for DNA synthesis we used (Table 2 ). This argues against radiolysis as a major problem (14) . Also, the average molecule of leading-strand polarity was slightly shorter than the others, a result one would not expect if they had arisen through degradation by radiolysis or an excision repair process acting on a continuously synthesized leading strand.
Furthermore, although it has been shown that the excision of dUMP from DNA can produce Okazaki fragment-like short nascent molecules under some conditions (32) , it is unlikely that the excision of misincorporated dUMP or spontaneously deaminated dCMP could be a major cause of the production of the leading-strand short molecules. For example, the amount of short DNA pieces synthesized in our nuclear system is not significantly decreased by the addition ofuracil (3), an inhibitor ofthe glycosylase responsible for the excision of dUMP (18) . Moreover, the efficiency of the mammalian dUTPase in the nuclei (Km 0.1 ,uM; 3) is such that the addition of purified dUTPase to a similar replication system did not decrease the formation of short intermediates (35) . Also, we have found the same strand asymmetry regardless of the dTTP concentration during incubation of the nuclei (data not shown).
The strongest argument, however, for the short fragments of leading-strand polarity being Okazaki fragments comes from the linkage between iRNA and DNA. The iRNA was analyzed by three different kinds of labeling. It was either internally labeled with [3H]CTP-UTP-GTP or terminally labeled at the 5' or 3' end with [IB-32P]GTP or by 32p transfer from contiguous deoxynucleotides, respectively. In all three cases, the radioactivity in the final measurements was very low (Tables 3-5 ). However, we believe that the observed values are significant, since the different types of analyses consistently gave similar results.
The iRNA of the Okazaki fragments annealed to the separated strands of HpaII-1 in the same proportion as the DNA part. In addition, the results were independent of the type of iRNA labeling. We do not believe that contaminating RNA could have given similar results, since the intemal labeling of RNA should have predominated in that case.
The fraction of DNA molecules that possess iRNA is uncertain, since the ratio of iRNA/ DNA, as calculated from the data in Tables 3  through 5 , depends on the exact dilution of the radioactive nucleotides by endogenous ribonucleotides (7) and the method of iRNA quantitation. The 32P transfer experiments gave ratios of approximately 0.89, whereas internal or 5'-terminal labeling iRNA gave a ratio of 0.88 or 0.36, respectively. This gradient of values probably reflects the position of the label in the iRNA in the three types of experiments. Even extensively degraded iRNA molecules can be detected with the 32P transfer technique. However, the number of 3' ends obtained in the transfer could also be an overestimate, since a deoxyribonucleotide incorporated into the primer would contribute to the transfer values (7) . We tried to minimize this effect by using conditions favoring incorporation of ribonucleotides. In contrast, the determina- If both strands are formed by a discontinuous mechanism during DNA replication, one would predict the presence of a moderate excess of Okazaki fragments of lagging-strand polarity, since they have to reach full size before ligation to long chains. However, the excess of laggingstrand fragments shows variations among different studies (9, 11, 14, 27) . It is possible that those variations reflect differences in the rate of DNA chain elongation or rate of ligation of Okazaki fragments (1, 10, 23, 26) . Limiting conditions could conceivably cause a discontinuous synthesis of a strand that is normally continuously synthesized. It is also possible that such conditions would favor the detection of a normally discontinuous synthesis.
